The identity of the gonads is determined by which fate, ovarian granulosa cell or testicular Sertoli cell, the bipotential somatic cell precursors choose to follow. In most vertebrates, the conserved transcription factor FOXL2 contributes to the fate of granulosa cells. To understand FOXL2 functions during gonad differentiation, we performed genome-wide analysis of FOXL2 chromatin occupancy in fetal ovaries and established a genetic mouse model that forces Foxl2 expression in the fetal testis. When FOXL2 was ectopically expressed in the somatic cell precursors in the fetal testis, FOXL2 was sufficient to repress Sertoli cell differentiation, ultimately resulting in partial testis-to-ovary sex-reversal. Combining genome-wide analysis of FOXL2 binding in the fetal ovary with transcriptomic analyses of our Foxl2 gain-of-function and previously published Foxl2 loss-of-function models, we identified potential pathways responsible for the feminizing action of FOXL2. Finally, comparison of FOXL2 genome-wide occupancy in the fetal ovary with testis-determining factor SOX9 genome-wide occupancy in the fetal testis revealed extensive overlaps, implying that antagonistic signals between FOXL2 and SOX9 occur at the chromatin level.
Introduction
The signals that trigger sex determination of the gonads vary widely among vertebrate species, from environmental determinants in some turtles and alligators to chromosomal composition in birds and humans. Despite these differences, a relatively conserved set of factors operates to induce and/or maintain gonadal differentiation, such as DMRT1 and SOX genes in the testis and FOXL2, CYP19A1 and WNT4/RSPO1 in the ovary (1) . A link between the transcription factor FOXL2 and ovarian development in humans was initially identified in women suffering from type I Blepharophymosis, Ptosis and Epicanthus inversus Syndrome. This syndrome, caused by a heterozygous dominant mutation in the FOXL2 gene, results in primary ovarian insufficiency (2) . Ovarian expression of FOXL2 has now been reported in most classes of vertebrate species, and even in invertebrates (3) . From fish to human, FOXL2 is one of the most conserved regulators of ovarian granulosa cell identity. Loss of FOXL2 results in embryonic ovary-to-testis sex reversal in fish and goat (4, 5) . In mice, FOXL2 is expressed in ovarian granulosa cells from sex determination to adulthood (6) . However, contrary to fish and goat, global loss of Foxl2 in mice only causes sexreversal postnatally (7) (8) (9) . Meanwhile, conditional deletion of Foxl2 in adult mouse ovary leads to transdifferentiation of granulosa cells into Sertoli cells, indicating that FOXL2 is required for fate maintenance of granulosa cells (10) . These observations lead to the hypotheses that in the mouse fetal ovary, FOXL2 has limited roles in the control of granulosa cell differentiation, or redundant action of other factors in addition to FOXL2 contributes to granulosa cell differentiation. Multiple mouse genetic models support the second hypothesis. Indeed, combined loss of Foxl2/Wnt4 or Foxl2/Rspo1 genes in XX embryos produces a more pronounced ovary-to-testis sex reversal phenotype than each single knockout (11, 12) , demonstrating a complementary role of FOXL2 and the Wingless-type mouse mammary tumor virus integration site (Wnt)/beta-catenin pathway in granulosa cell differentiation. A role of FOXL2 in mouse gonadal differentiation was further supported by the anti-testis properties of FOXL2 in male transgenic mouse embryos with ubiquitous FOXL2 expression (12, 13) .
In this study, we aimed to understand how FOXL2 alters the transcriptional landscape in the fetal gonads and tips the balance toward granulosa cell fate. We combined three approaches: first, we identified the genome-wide FOXL2-bound chromatin regions in the fetal ovary by ChIP-seq and determined the gene regulatory networks potentially controlled by FOXL2. Second, we generated a Foxl2 gain-of-function model to investigate whether ectopic presence of FOXL2 in the fetal testis is sufficient to drive supporting cell differentiation into granulosa cells. Third, by comparing the potential direct target genes of FOXL2 identified by ChIP-seq in the fetal ovary with the transcriptomic changes from published Foxl2 loss-of-function and our Foxl2 gain-offunction models, we uncovered biologically relevant potential targets downstream of FOXL2 that contribute to the control of supporting cell fate in the gonads.
Results

Genome-wide identification of FOXL2 chromatin binding sites in the fetal ovary
To better understand the molecular action of FOXL2 in controlling supporting cell identity, we performed genomewide chromatin immunoprecipitation followed by sequencing (ChIP-seq) on chromatin from pools of fetal ovaries collected at embryonic day E14.5 ( Fig. 1 ; Supplementary Material, Dataset S1). The specificity of the FOXL2 antibody was confirmed by immunofluorescences on control newborn gonads as well as on gonads from both Foxl2 loss-of-function and gain-of-function mouse models (Supplementary Material, Fig. S1A ). FOXL2 ChIPseq in the fetal ovary led to the identification of 11 438 peaks. The best match for the top de novo motif identified by HOMER (6.2-fold enrichment compared to the background, P-value 1e-685) corresponded to the consensus FOXL2 DNA motif previously identified in the adult granulosa cells (GSE60858; 14; Fig. 1A ). The majority of the peaks were located either within the gene body (26% exon; 24% intron; Fig. 1B ) or close to the TSS (25% Promoter: <1 kb of TSS; 12% Upstream: −10 to −1 kb of TSS; Fig. 1B ). FOXL2 peaks were assigned to the nearest gene, resulting in 9324 potential direct target genes of FOXL2 (purple circle in Fig. 1C ). We then used EnrichR, a comprehensive gene set enrichment analysis tool (15, 16) , for pathway analyses and found enrichment in FOXO signaling, a pathway linked to cell-cycle arrest and longevity (17) and multiple other pathways related to cell cycle, cancer or stem cell pluripotency (Supplementary Materials, Fig. S1B and Dataset S1).
Identification of potential target genes of FOXL2 in the fetal supporting cell lineage FOXL2 is expressed in the supporting cell lineage in the ovary but not in their testicular counterparts (6); therefore, we could assume that potential direct target genes of FOXL2 are expressed in a sexually dimorphic manner between female and male supporting cells. In order to focus on the supporting cell lineage, we leveraged the published transcriptomic data from isolated cell populations of the mouse fetal gonads (18) , and used them to identify genes expressed differentially between fetal granulosa cells and their male counterpart Sertoli cells ( Fig. 1C ; Supplementary Material, Dataset S2). Comparison of FOXL2 ChIP-seq data with the genes enriched in fetal granulosa cells (1179 genes in pink circle in Fig. 2C ) or Sertoli cells (1410 genes in blue circle in Fig. 2C ) allowed us to identify the potential FOXL2 target genes that could contribute to supporting cell differentiation. Respectively, 55% (647) of the genes enriched in granulosa cells and 54% (757) of the genes enriched in Sertoli cells were potential direct target of FOXL2. Among them were the granulosa genes Fst and Bmp2 and the Sertoli genes Dmrt1, Cyp26b1 and Fgf9 (Fig. 1C) . For instance, FOXL2 binding peaks were located in the first intron of Fst gene as previously identified (14, 19) and at the promotor of Dmrt1 gene (Fig. 1D) .
To establish the functional relevance of FOXL2 chromatin binding in the fetal ovary, we next compared the potential FOXL2 direct target genes identified in our ChIP-seq with the transcriptome of ovaries lacking Foxl2. We hypothesized that expression of FOXL2 direct target genes would be affected significantly in the absence of Foxl2. The phenotype of Foxl2 KO ovaries has been extensively studied by others (7) (8) (9) 12, 13) : Although loss of Foxl2 led to sex reversal only after birth, significant changes in ovarian transcriptome were detected before birth. We obtained the publicly available lists of genes expressed differentially between the control and Foxl2 KO fetal/neonatal ovaries (13) , and compared them with our ChIP-seq gene list (Fig. 1E-F and Supplementary Material, Dataset S2). We found that among the 3372 genes that were downregulated in the Foxl2 KO ovary (Fig. 1E) , 48% (1618 genes) were identified in our FOXL2 ChIP-seq experiment. Among them, 205 genes were enriched in fetal granulosa cells, representing candidates for positive regulation by FOXL2 in the fetal ovary. For the 2294 genes that were upregulated in the Foxl2 KO ovary (Fig. 1F) , 33% (751 genes) were identified in our FOXL2 ChIP-seq experiment (Fig. 1F ). Among them, 84 genes were enriched in the fetal Sertoli cells, representing candidates that are repressed by FOXL2 in the fetal ovary. Wt1 gene was one of the genes upregulated in the absence of Foxl2 (Supplementary Material, Fig. S1C ): in addition to a FOXL2 peak found near the Wt1 transcription starting site, another FOXL2-bound region was found in the newly identified gonad-specific Wt1 enhancer region (20) . A transgenic reporter model for this enhancer demonstrated that this regulatory region drives Wt1 expression in the Sertoli cells of the fetal testis. These results suggest that FOXL2 could contribute to regulation of Wt1 expression in the gonadal supporting cells. 
Ectopic FOXL2 expression in the fetal testis results in partial male-to-female sex reversal
The upregulation of genes normally expressed in Sertoli cells in the Foxl2 KO ovary implicates an anti-testis property of FOXL2 (Fig. 1F ). In addition, XY mice with ubiquitous FOXL2 expression in response to heat shock developed malformed testes and aberrant gene expression at E13.5 (12, 13) . However, this model was limited by the ubiquitous nature of FOXL2 induction, the complication of heat shock, the unknown timing of ectopic FOXL2 expression and the absence of wholegenome transcriptomic analyses of the gonads. In order to identify the specific impact of FOXL2 in the somatic cells of the fetal testis, we generated a new model that enabled us to control the cell type and timing of ectopic FOXL2 expression. We integrated the targeting construct CAG-LSL-Foxl2 into the Rosa26 locus by homologous recombination ( Fig. 2A and Supplementary Material, Fig. S2 ). In the presence of Cre recombinase, the loxP-flanked STOP cassette was removed, therefore allowing FOXL2 expression in the Cre-expressing cells. The Rosa26-CAG-LSL-Foxl2 mice were crossed to the Sf1-Cre mice, a validated Cre model for targeting recombination in the somatic cells of fetal gonads around E10.5-11.5, the onset of sex determination (21) (22) (23) (24) (25) . We confirmed that FOXL2 expression was induced in the Sf1-Cre;Rosa26-CAG-LSL-Foxl2 XY gonads (XY FOXL2+ hereafter) by whole mount immunofluorescence for SF1 and FOXL2 (Fig. 2B-G) . In contrast to the control XY gonads where FOXL2 was absent, FOXL2 protein was detected in almost all SF1+ cells in the XY FOXL2+ gonads at E11.5. At E14.5, Foxl2 mRNA was strongly expressed in XY FOXL2+ gonads and was about 4-folds the level of Foxl2 transcript in control XX gonads (Fig. 2H) . We then investigated the effect of ectopic FOXL2 expression on testis differentiation. At both E14.5 and postnatal day 9 (P9), XY FOXL2+ gonads were smaller than control testes, and developed a shape similar to control ovaries ( Fig. 2I-K) ; however, the male reproductive tract was maintained (Fig. 2L-M) . Eight-week-old adult XY FOXL2+ mice presented a female-like external phenotype, with an anogenital distance similar to that of the control females ( Fig. 2O-Q ; Supplementary Material, Fig. S3A ). The adult XY FOXL2+ mice produced significantly less testosterone than control males but they did not have an increase in estrogen production (Supplementary Material, Fig. S3B ). Histologically, XY FOXL2+ adult gonads were dysgenic, forming a small structure that 
FOXL2 represses Sertoli cell differentiation
Differentiation of gonadal primordium into a testis or an ovary relies on the capacity of the supporting cell population to become Sertoli cells or granulosa cells, respectively. We therefore focused on the fate of the supporting cells in XY FOXL2+ fetal gonads. At E11.5, the master testis-determining gene SRY and SOX9 were expressed in an XY-specific manner in the control gonads (Fig. 3A -C and G-I). At this early stage of fate determination, FOXL2 was absent in the XY control gonads and barely detected in the XX control gonads (Fig. 3D-F ) as expected (6) . Despite a proper expression of SRY ( Fig. 3B and Supplementary Material, Fig. S3D ), fewer SOX9+ Sertoli cells were found in the XY FOXL+ gonads at E11.5 compared to the control (Fig. 3G , H, K and L). These SOX9+ cells in XY FOXL2+ gonads co-expressed FOXL2 throughout fetal development (inset in Fig. 3E , H, L, O and R). In XY control gonads, SOX9+ Sertoli cell population rapidly expanded and formed testis cords.
However, in XY FOXL2+ gonads, SOX9+ cell population remained relatively small and failed to form testis cords at E12.5 ( Fig. 3N-S ). SOX9+ cells were mostly located in the center of the XY FOXL2+ gonads. Labelling with the Sertoli cells cytoplasmic marker AMH showed that these cells eventually organized to form a few testis cords by E16.5 (arrows in Fig. 3U ). SOX9 expression in the XY FOXL2+ gonads was further repressed postnatally (Supplementary Material, Fig. S3C ). These results demonstrate that ectopic FOXL2 expression in SF1+ somatic cells of XY gonads represses Sertoli cell differentiation at the onset of testis determination.
Identification of the supporting cell genes affected by ectopic FOXL2 induction in XY gonads
To decipher the molecular events downstream of FOXL2 that led to defects in supporting cells differentiation ( Fig. 3 ) and partial male-to-female sex reversal (Fig. 2) , we performed microarray analyses on XY control, XY FOXL2+ and XX control gonads at E14.5 [Supplementary Material, Datasets S3-4; Gene Expression Omnibus (GEO) accession no. GSE78774]. Ectopic FOXL2 expression in the XY gonad shifted the gonadal transcriptome toward the ovarian profile, suggesting a partial testis-to-ovary sex-reversal (Fig. 4A ). Between the XY FOXL2+ and XY control gonads, 1862 transcripts were significantly different, among them 1089 genes down-regulated and 755 genes upregulated ( (Fig. 4C) . Similarly, we compared the 1089 downregulated genes with the 1410 genes enriched in Sertoli cells based on Jameson et al. microarray in order to identify the Sertoli cell genes significantly repressed in XY FOXL2+ gonads (Fig. 4D) . These comparisons revealed 195 granulosa cell genes and 295 Sertoli cell genes that were significantly affected by ectopic FOXL2 induction in the fetal testis. Among the 195 granulosa-cell genes upregulated in XY FOXL2+ gonads, (GO) term analysis for biological processes revealed enrichments for genes associated with the Wnt pathway, a key pathway for ovarian differentiation (26,27; Fig. 4E and F; Supplementary Material, Dataset S4). Interestingly, GO terms associated with 'negative regulation of cell cycle' were also enriched, with upregulation of both the cyclin-dependent protein kinases Cdkn1b and Cdkn1c. These two genes are suspected to contribute to granulosa-cell exit of cell cycle and to the smaller size of ovaries compared to testes (28, 29) . In addition, Cdkn1b and Cdkn1c are strong candidates for a direct regulation by FOXL2 because they are known to be controlled by several other forkhead factors, such as FOXL1 and FOXOs (30, 31) . Several genes associated with ovarian differentiation including Bmp2 and Runx1 were also upregulated in XY FOXL2+ gonads (Fig. 4E and F) . However, despite the high expression of Foxl2 in the XY FOXL2+ gonads (Fig. 2H) , the expression of most granulosa-cell genes never reached the level of the control XX gonads (Fig. 4F) . On the other hand, among the 295 Sertoli-cell genes downregulated in XY FOXL2+ gonads, many key Sertoli cell markers important for testis differentiation were identified, including Sox9, Amh, Ptgds, Amh, Gdnf and Cyp26b1 (Fig. 4E and F) . These results imply that FOXL2 is a strong repressor of Sertoli cell differentiation and testis morphogenesis, but not sufficient to fully promote granulosa cell differentiation.
Once the supporting cells (Sertoli or granulosa cells) are established, they control the differentiation of other cell populations in the fetal gonads. As a consequence of the repression of Sertoli cell differentiation and emergence of the granulosa cell program, both germ cells and steroidogenic precursors followed the feminizing trend of the supporting cells. XY FOXL2+ gonads expressed meiosis-related and oocyte-specific genes whereas fetal male germ cell markers were repressed (Supplementary Material, Fig. S4C ). In addition, the androgen-producing Leydig cells, characteristic of fetal testis differentiation, failed to gain full steroidogenic capacity in XY FOXL2+ gonads, as evident by a decrease or absence of steroidogenic gene expression (Supplementary Material, Fig. S4D ). Meiotic germ cells in the XY FOXL2+ gonads were located at the poles whereas the remnant features of testis differentiation (SOX9+ Sertoli cells and CYP17A1+ Leydig cells) were found in the center (Supplementary Material, Fig. S4E-J) , forming the typical structure of XY ovotestes (32) (33) (34) (35) .
Integrated analysis of transcriptomes of Foxl2 loss-and gain-of-function models with FOXL2 ChIP-seq data identifies strong candidates for direct regulation by FOXL2 during gonad differentiation
The transcriptomic analyses of the XY FOXL2+ gonads and the XX Foxl2 KO gonads provide complementary models to understand how FOXL2 contributes to supporting cell fate and gonad differentiation. Similar to the analysis for Foxl2 KO gonads ( Fig. 1E and F) , the genes differentially expressed in XY FOXL2+ gonads were compared with our FOXL2 ChIP-seq data (Supplementary Materials, Fig. S5 and Dataset S5). Identification of the genes commonly misregulated in both XY FOXL2+ and XX Foxl2 KO gonads allows us to focus on the genes that strongly rely on FOXL2 action, either negatively or positively ( Fig. 5 ; Supplementary Material, Dataset S5). First, by comparing the genes significantly upregulated in XY FOXL2+ with the genes downregulated in XX Foxl2 KO gonads (Fig. 5A) , 200 common genes were identified as genes stimulated by FOXL2. The majority of them (140 genes or 70%; Fig. 5A ) corresponded to potential FOXL2 direct targets based on the FOXL2 ChIP-seq in the fetal ovary. Among these 140 genes, 62 genes were enriched in fetal granulosa cells, including Fst, the cell-cycle repressor Cdkn1b and several genes whose ovarian function is currently unknown, such as Hmgcs2, Magi2 and Itpr2. On the other hand, 121 genes were identified as genes suppressed by FOXL2 by comparing the genes downregulated in XY FOXL2+ gonads with the genes upregulated in XX Foxl2 KO gonad (Fig. 5B ). Among them, 56 genes (46%) were identified in the FOXL2 ChIP-seq and included 26 genes enriched in fetal Sertoli cells, including Cyp26b1, Hsd17b3, Cldn11 and Erbb4. Interestingly, the testisdetermining gene Sox9 was part of the 121 genes affected in both models (Supplementary Material, Dataset S5). However, similar to the FOXL2 ChIP-seq performed in adult granulosa cells (14) , no FOXL2 binding sites were found near Sox9 gene in the fetal ovary, including in the testis-specific enhancer TES (Supplementary Material, Fig. S6 ). The nearest FOXL2 binding peak upstream of Sox9 was located in a gene desert 838 kb from Sox9 gene. The same region was also bound by FOXL2 in adult granulosa cells (14) and is conserved in many vertebrate species Fig. S6 ). Interestingly, this region corresponds to a newly identified long-distance putative regulatory element for Sox9 (36) . In the XY FOXL2+ gonads, downregulation of Sox9 was observed at both the transcript and the protein level (Figs 3 and 4) , and likely contributed to the partial testis-to-ovary sex-reversal phenotype.
Among the genes commonly affected in FOXL2 gain-and loss-of-function models, the cell-cycle repressor Cdkn1b was one of the most upregulated granulosa cell gene in XY FOXL2+ gonads (Fig. 5C) . Because of its involvement in the control of cell proliferation, Cdkn1b was a functionally relevant candidate.
Indeed, difference in cell proliferation is a sexually dimorphic event during sex determination: from E11.5-E13.5, the testis doubles its size every 24 h, while the growth of the ovary remains limited (37) (38) (39) . After some recruitment from the coelomic epithelium and migration into the gonad, Sertoli cells resume proliferation while granulosa cells remain quiescent (28, 38) . The smaller SOX9+ Sertoli cell population in the XY FOXL2+ gonads (Fig. 3) prompted us to examine the expression of p27 (protein encoded by Cdkn1b) and the cell proliferation marker KI67. At E11.75 (21-23 tail somite stage), p27 was scarcely detected in few of SOX9+ Sertoli cells in the control XY gonads whereas KI67 was found in multiple SOX9+ cells at E11.75 and E12.5 ( Fig. 5D ; Supplementary Material, S7). In the FOXL2+ XY gonads, on the other hand, p27 was present in most SOX9+ supporting cells whereas only few of SOX9+ cells were KI67 positive ( Fig. 5D ; Supplementary Material, S7). These results suggest that upregulation of Cdkn1b, a potential direct target of FOXL2, could contribute to the smaller SOX9+ cell population by repressing their proliferation. Several FOXL2-bound regions were located near Cdkn1b gene, including at its enhancer between the Cdkn1b gene body and the long non-coding RNA Lockd (Fig. 5E ). This regulatory element plays a key role in the control of Cdkn1b expression as its deletion drastically reduces Cdkn1b expression (40) . In the fetal Sertoli cells, this region is bound by the active chromatin marker H3K27Ac ( Fig. 5E; 20) , suggesting that FOXL2 could have access to these regions in XY FOXL2+ gonads in order to control Cdkn1b expression. Interestingly, this enhancer is also bound by SOX9 and DMRT1 based on ChIP-seq performed in fetal testes ( Fig. 5E ; 41, 42) . These observations together suggest that Cdkn1b is controlled by both pro-ovarian FOXL2 and pro-testis transcription factors during gonad differentiation.
Pro-granulosa FOXL2 and pro-Sertoli regulator SOX9 share common chromatin binding regions in fetal gonads
SOX9 and DMRT1 are fate determining/maintenance factors for Sertoli cell lineage, and pro-granulosa FOXL2 is known to antagonize these two factors (10, 43) . The discovery of the presence of FOXL2, SOX9 and DMRT1 binding in the enhancer region of Cdkn1b (Fig. 5E ) and other potential FOXL2 direct target genes expressed in granulosa or Sertoli cells (Supplementary Material, Fig. S5C ) raised the question whether these three transcription factors could bind similar regulatory regions in more genes in the fetal gonads. We therefore compared our genomewide FOXL2 ChIP-seq results in the fetal ovary with published ChIP-seq results for SOX9 and DMRT1 in the fetal testis (41,42; Fig. 6 ; Supplementary Material, Dataset S6). Among the 11 438 FOXL2 binding peaks from our ChIP-seq analysis (Fig. 6A) , 35% (4008 peaks) overlapped with SOX9 peaks only, 3% (290 peaks) with DMRT1 peaks only and 2% (257 peaks) with both SOX9 and DMRT1 peaks (Fig. 6A) . Overall, 62% of SOX9 binding peaks overlapped with FOXL2 peaks ( Fig. 6B ; 3980/6400 peaks) whereas only 23% of DMRT1 peaks overlapped with FOXL2 peaks ( Fig. 6C ; 563/2458 peaks). These results demonstrate an extensive overlap between FOXL2 and SOX9 chromatin occupancy, and suggest that FOXL2 and SOX9 could share common target genes during gonad differentiation. Some of these chromatin regions bound by both FOXL2 and SOX9 were located at the promoter of genes either upregulated or downregulated in XY FOXL2+ gonads (Supplementary Material, Dataset S6). For instance, Cited2, a gene that contributes to early differentiation of the testis (44), was significantly downregulated in XY FOXL2+ gonads and was identified as a common target of FOXL2 and SOX9 (Fig. 6D ). Very few genes that were affected in XY FOXL2+ gonads contained chromatin regions with overlapping binding of FOXL2 and DMRT1. Among them was Notch2, a gene downregulated in XY FOXL2+ gonads, whose promoter was bound by FOXL2, DMRT1 and SOX9 in fetal gonads (Fig. 6D) .
Discussion
Sex differentiation of the gonads is regulated by opposing networks of transcription factors that promote one fate (testis or ovary) while repressing the other. In the female embryo, ovarian differentiation relies on the action of two major regulators: the RSPO1/WNT4 beta-catenin pathway and FOXL2. To determine how FOXL2 controls the fate of supporting cells in the fetal gonads, we first performed ChIP-seq for FOXL2 in fetal ovaries and identified its potential target genes. We next generated a mouse model that allows ectopic expression of FOXL2 specifically in somatic cells of XY gonads at the time of sex determination. This model showed that presence of FOXL2 in the supporting cells of fetal testes repressed early Sertoli cell differentiation and resulted in partial testis-to-ovary sex reversal.
The transcriptome analysis of this new model produced a list of genes and pathways affected by FOXL2 induction. Comparison of this gain-of-function model with the published Foxl2 KO model and our ChIP-seq results yielded a list of biologically relevant FOXL2 targets. Positive regulation of genes enriched in granulosa cells and negative regulation of genes enriched in Sertoli cells could tip the balance toward the ovarian pathway (Fig. 6F) . In addition, a strong correlation between FOXL2 and the control of cell cycle further supports a role of FOXL2 in mitotic arrest of granulosa cells. Finally, by comparing our FOXL2 ChIP-seq data in the fetal ovary with previously published ChIP-seq for SOX9 and DMRT1 in the fetal testis, we discovered an extensive overlap in chromatin occupancy between FOXL2 and SOX9, suggesting that they control common regulatory regions during gonad differentiation.
Deciphering FOXL2 functions in fate determination: lessons learned from the gain-of-function mouse model
Ectopic FOXL2 expression in SF1+ somatic cells of fetal XY gonads antagonizes Sertoli cell differentiation and testis morphogenesis, and results in partial testis-to-ovary sex reversal. Following ectopic FOXL2 induction, expression of the testisdetermining factor SOX9 is decreased and remains mostly restricted to the center of the gonad. Sox9 is a key player for testis differentiation: its expression is sufficient to induce ovary-totestis sex reversal (45) and its loss leads to testis-to-ovary sex reversal (46) . The decrease, but not absence, of SOX9 expression could explain the partial testis-to-ovary sex reversal in XY FOXL2+ gonads. On the other hand, while Sox9 transcript is detected in XX Foxl2 KO fetal gonads (13), its protein is only expressed after birth and is likely the reason why the ovary-totestis sex-reversal only occurs postnatally in absence of Foxl2 (9) .
It remains unclear whether FOXL2 directly inhibits Sox9 transcription in the fetal gonad. In adult granulosa cells, FOXL2, along with estrogen signaling, represses Sox9 expression via occupying the Sox9-regulatory sequence TES (10) . Yet, FOXL2 ChIP-seq experiments on fetal ovaries (this study) and adult granulosa cells (14) did not detect any FOXL2 binding at the TES. In XY mice, removal of TES only caused a 50% reduction of Sox9 expression without the occurrence of testis-to-ovary sex reversal, suggesting the existence of additional enhancers that control Sox9 expression in the fetal testis (36) . Regulation of SOX9 expression is complex, and multiple tissue-specific enhancer regions have been identified as far as 2 Mb from SOX9 gene in human (47) . Recently, several novel gonadal regulatory elements were identified upstream of Sox9 gene in the mouse genome, including enhancer 13 (Enh13), an essential regulatory element for initiation of testis development (36) . Another putative longdistance regulatory element, Enh8, is located in an open chromatin region in fetal granulosa cells and is suspected to be required to repress Sox9 gene in the granulosa cells. Interestingly, in both fetal ovaries (this study) and in adult granulosa cells (14) , Enh8 is bound by FOXL2. It is therefore possible that FOXL2 acts through this long-distance regulatory element region to repress Sox9 expression in both fetal gonads and adult granulosa cells. Another potential mechanism is that FOXL2 represses Sox9 expression indirectly through its capacity to interact with SF1 (48, 49) . Since SF1 is a co-factor of both SRY and SOX9 (50) , interaction between FOXL2 and SF1 could disrupt SF1 availability to promote Sox9 expression, and could affect SOX9 transcriptomic function itself. In XY FOXL2+ gonads, initial SOX9 expression is not completely prevented, and this is likely the cause of the incomplete testis-to-ovary sex reversal in XY FOXL2+ gonads. We speculate that the timing of FOXL2 induction in our model, which is slightly after SRY expression is initiated (51), could prevent a complete repression of SOX9. Ectopic presence of FOXL2 did not affect expression of SRY, which is known to induce Sox9 expression. Among the potential FOXL2 direct target genes, some are genes involved in controlling SRY expression, such as Cbx2, or SOX9 expression, such as Cited2 (44,52,53) . We wonder whether an earlier induction of FOXL2 could fully prevent SOX9 expression and even affect SRY expression. Unfortunately, attempts to induce FOXL2 earlier using another Cre model (Wt1CreERT2) resulted in early embryonic lethality, likely due to the impact of ectopic FOXL2 expression in other WT1+ organs such as the heart.
Another possibility is that FOXL2 alone is insufficient to fully repress Sox9 expression in the fetal XY gonads. The population of SOX9+ cells in the XY FOXL2+ gonad is positive for FOXL2 and is able to maintain SOX9 expression throughout fetal development despite the presence of FOXL2. These SOX9+ cells in the XY FOXL2+ gonads are located at the center of the gonads, similar to other testis-to-ovary sex reversal models (32) (33) (34) (35) . The supporting cells at the center of XY gonads are the first to express SRY (54), possibly making them more committed to the testis fate and more resistant to the feminizing effect of FOXL2.
FOXL2, a regulator of somatic cell proliferation in the gonads
In the XY FOXL2+ gonads, the population of SOX9+ Sertoli cells was significantly reduced, suggesting that the presence of ectopic FOXL2 interferes with the expansion of Sertoli cell population. One characteristic difference between fetal Sertoli cells and granulosa cells is their proliferative status: granulosa cells in XX gonads are p27+ and mitotically arrested (28, 55) whereas Sertoli cells in XY fetal gonads become p27-and proliferative (28, 38) . Following FOXL2 ectopic expression, supporting cells in the XY gonad become p27+ and fail to proliferate, suggesting that they acquired a cell cycle status similar to fetal granulosa cells. It has been shown that overexpression of Cdkn1b (the gene that encodes p27) is sufficient to repress cell proliferation in vivo (56) . FOXL2, similar to other forkhead transcription factors, is associated with repression of cell proliferation (57) (58) (59) . In addition to Cdkn1b, FOXL2 ChIP-seq analysis in the fetal ovary as well as XY FOXL2+ transcriptome reveals that multiple genes/ pathways involved in cell-cycle control are potential targets of FOXL2, such as Cdkn1c, another cell cycle repressor gene enriched in granulosa cells (29) . These genes could also contribute to the repression of Sertoli cell proliferation in XY FOXL2+ gonads, and to the mitotic arrest status of fetal granulosa cells during normal ovarian development. Interestingly, characterization of other ovary-to-testis sex-reversal models suggests that exit of the mitotic arrest of pre-granulosa cells is a prerequisite for Sox9 upregulation in these models (60) . Although loss of Wnt4 or Foxl2 affects Cdkn1b expression during fetal life, it does not lead to a complete repression and fails to disrupt fetal granulosa cell mitotic arrest, likely due to compensation by other ovarian signals. As a consequence, loss of Wnt4 or Foxl2 results in SOX9 expression only in neonatal/postnatal ovary, when granulosa cell proliferation is normally initiated (7, 27) . Based on this hypothesis of interdependence between cell cycle and supporting cell fate (60) , activation of cell cycle arrest in supporting cells of XY FOXL2+ gonads could also contribute to the defects in Sox9 expression in our gain-of-function model.
Toward the identification of chromatin regulatory regions controlling supporting cell differentiation
Fate specification of gonadal somatic cells relies on complex regulatory networks composed of multiple transcription factors. ChIP-seq has been a key analytical tool to understand the functions of a transcription factor in a tissue of interest. However, it remains challenging to apply this technique to fetal organs such as gonads due to the limited amount of tissues (hundreds of gonads for one ChIP-seq for a transcription factor) and the complex cellular composition of the organs. To date, ChIP-seq was performed in fetal gonads for only two other transcription factors: SOX9 and DMRT1 (41, 42) , both critical for Sertoli cell identity. By comparing the results from these three ChIP-seq experiments, we observed an extensive overlap between FOXL2 genome-wide occupancy in the fetal ovary and SOX9 occupancy in the fetal testis. These common regulatory elements could be the targets for both gene activation and gene repression depending on the transcription factors bound during gonad differentiation. The capacity of FOXL2 to bind genomic regions that are also bound by SOX9 could contribute to its capacity to antagonize Sertoli cell differentiation in XY FOXL2+ gonads. FOXL2 could compete with SOX9 for chromatin accessibility and therefore repress SOX9 activity.
An alternative to ChIP-seq for specific transcription factors is to identify the open chromatin domains during supporting cell differentiation. Maatouk et al. examined the chromatin status in fetal Sertoli cells by DNaseI-seq and H3K27Ac ChIP-seq, and identified regulatory sites contributing to either activation or repression of genes during Sertoli cell differentiation (20) . Interestingly, their study showed that forkhead motifs were significantly enriched in active chromatin regions in addition to SOX motifs, consistent with our discovery of the overlapping chromatin occupancy for FOXL2 and SOX9 in fetal gonads.
In conclusion, our data provide insights into FOXL2 chromatin occupancy during ovarian differentiation and enable us to identify biologically relevant candidates downstream of FOXL2 action during gonad differentiation. The capacity of FOXL2 to bind similar chromatin regions with SOX9 suggests that some regulatory elements in the fetal gonads are targets of both proovary and pro-testis transcription factors.
Materials and Methods
ChIP-seq assays and analysis
Ovaries from E14.5 CD1 embryos were separated from the mesonephros, snap-frozen and stored at −80
• C. Two independent ChIP-seq experiments were performed by Active Motif Inc. (Carlsbad, CA) using 20-30 μg of sheared chromatin from pooled embryonic ovaries (n = 100-120 ovaries/ChIP), and 4 μg of FOXL2 antibody (Novus, NB100-1277, Littleton, CO 
Generation of Rosa26-CAG-LSL-Foxl2 mice
Mouse model for ectopic induction of FOXL2 expression
For ectopic induction of FOXL2 expression in fetal gonads, Rosa26-CAG-LSL-Foxl2 mice were time-mated overnight with Sf1-cre mice (21) . Noon of the day when the vaginal plug was detected was considered as embryonic day E0.5. The Cre recombinase expression under the control of steroidogenic factor 1 (Sf1) regulatory elements allowed the conditional expression of FOXL2 in the somatic cells of undifferentiated gonads. 
Immunofluorescence and histological analysis
Gonads were collected and fixed overnight at 4
• C in 4% paraformaldehyde. The immunofluorescence experiments were performed on whole mount gonads at E11.5 (18-20 tail somite stage), E12.5 and E14.5, or on 8 μm cryosections for E11.75 (21-23 tail somites), E14.5 and E16.5 gonads, or on 7 μm paraffin sections for E12.5 and P9 gonads. For paraffin-embedded tissues, the sections were dewaxed and rehydrated in a decreasing gradient of alcohol. The slides were pretreated in 0.1 mm citric acid for 20 min in the microwave and cooled down at room temperature. All the samples (whole mount gonads, cryosections and paraffin sections) were blocked in PBS-Triton X-100 solution with 5% normal donkey serum for 1 h and incubated with primary antibodies at 4
• C overnight. After washing in PBS-Triton X-100, the samples were incubated in the appropriate secondary antibody (1:500; Invitrogen, USA), then washed again and mounted in Vector Mount with DAPI (Vector Labs, Burlingame, CA). Whole mount gonads or sections were imaged under a Leica DMI4000 confocal microscope. Histological analysis was performed by staining dewaxed paraffin sections with hematoxylin and eosin. The stained sections were scanned using Aperio ScanScope XT Scanner (Aperio Technologies, Inc., CA, USA). Antibodies used in this study are listed in Supplementary Material, Table S1 .
Real-time PCR analysis
Total RNA was isolated from gonad pairs using PicoPure RNA isolation kit (Arcturus, Mountain View, CA). 300 ng of RNA was used for cDNA synthesis with the Superscript II cDNA synthesis system (Invitrogen Corp., Carlsbad, CA). Gene expression was analyzed by real-time PCR using Bio-Rad CFX96TM RealTime PCR Detection system. Gene expression was normalized to Gapdh. The Taqman probes and primers used to detect transcript expression are listed in Supplementary Material, Table S1 . Four biological replicates were used and controls correspond to littermates of XY FOXL2+ mice lacking the Sf1-Cre transgene. Data were analyzed using Prism GraphPad Software by two-tailed Student's t-test. Values are presented as mean ± S.E.M.
Microarray analysis
Gene expression analysis was conducted using Affymetrix Mouse Transcriptome 1.0 arrays (Affymetrix, Santa Clara, CA) on four biological replicates (one pair of E14.5 gonads) for each genotype. A total of 100 ng RNA were amplified and labeled using the Affymetrix WT Plus Reagent Kit (WT Plus Kit). A total of 5.5 μg micrograms of amplified biotin-cDNAs were fragmented and hybridized to each array for 16 h at 45
• C in a rotating hybridization oven. Array slides were stained with streptavidin/phycoerythrin then washed for antibody amplification according to the GeneChip Hybridization, Wash and Stain Kit and user manual protocol FS450-0001. Arrays were scanned in an Affymetrix Scanner 3000 and data (GEO accession no. GSE78774) was obtained using the GeneChip ® Command Console software. Gene-level normalization was conducted with Affymetrix Transcriptome Analysis Console 2.0 software and gene expression analyses were conducted with Partek software (St. Louis, Missouri). A full dataset Excel file containing the normalized log2 intensity of all genes for each genotype, and a graphic view of their expression are provided in Supplementary Material, Dataset S4. In order to identify differentially expressed genes, analysis of variance was used to determine if there was a statistical difference between the means of groups. The gene lists were filtered with fold-change cutoff of 1.5 and P < 0.05. Raw data from E13.5 granulosa and Sertoli cell transcriptomes (18) were reanalyzed using Partek in order to compare them to XY FOXL2+ transcriptome. Venn diagrams were generated in Partek by comparing gene symbols between the different microarray lists. Lists of genes differentially expressed in Foxl2 KO ovaries directly originate from published datasets on E13.5, E16.5 and newborn gonads (13) . 
Steroid hormone immunoassay
Supplementary Material
Supplementary Material is available at HMG online.
